Abstract-A tunable metasurface composed of multiple resonant units is proposed, with each unit containing a block of SrTiO 3 ferroelectric and a periodical copper-wire structure. The local transmission coefficient of the metasurface can be controlled by tuning the permittivity of SrTiO 3 via a bias voltage. A tunable metasurface is simulated to steer the beam direction at the angles of 30 • and 14.47 • , respectively. Another one is simulated to focus the wave beam at the focal lengths of 2λ 0 and 4λ 0 , respectively.
INTRODUCTION
A metasurface is a thin layer of metamaterial, which displays different properties from those of a threedimensional metamaterial [1] . Electromagnetic wave can be manipulated using a metasurface much thinner than one wavelength, leading to much lower loss than using three-dimensional metamaterial. The fabrication process of the former is usually less complicated than that of the latter.
Metasurfaces comprised of nanoantenna phased-array have been investigated for holography, quarter-waveplate, metalenses, and meta-mirrors [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
By the Fermat's principle, a phase discontinuity is introduced across the metasurface [2] . By tuning this phase discontinuity, both the reflected wave and the transmitted wave can be steered to other directions than those predicted with the conventional reflection law and Snell's law.
Certain phase gradient on the surface has been achieved using an array of V-antennas with different geometries [2] . An antenna-based hologram has also been proposed using similar V-antennas [3] , in which the phase response of a pixel can be chosen among eight discrete levels implemented with eight V-antennas of different geometries, respectively.
Metasurfaces comprised of L-shaped slot-antennas and concentric loop-antennas, respectively, are reported to have the capability of tuning the amplitude and the phase, respectively, of the transmission coefficient [4] . By cascading these two metasurfaces, the phase and amplitude of the incident light can be arbitrarily tuned.
A plasmonic metasurface composed of unit cells, each containing two orthogonal nanoslits, has been designed to respond differently to the incident wave of two orthogonal polarizations [5] . The amplitude response of these two nanoslits are designed to be the same, while the phase response has a difference of π/2, serving the function of a quarter-wavelength plate. A similar plate has been realized using V-antennas [6] , which has a broader bandwidth than that made of nanoslits.
Metasurfaces have also been proposed to implement metalenses working in different bands [7] [8] [9] [10] . Near-infrared metalenses and axicons have been proposed at λ ∼ 1.5 µm [7, 8] and 1 THz [10] . In [11] , an antenna element has been proposed to generate a local transmittance of e jφ on a metasurface. Beam steering and focusing can thus be achieved by tuning the phase distribution on the metasurface.
Similarly, meta-mirrors have been made by tuning the phase of the reflected light using nanobricks of different geometries at different locations [12] [13] [14] . Flat mirrors can thus be implemented to focus waves [12] and steering [13, 14] .
Metasurfaces can also be designed using the concept of Huygens' surfaces, on which equivalent electric and magnetic surface currents are used to describe the field difference across a metasurface [15] [16] [17] . By properly adjusting the electric and the magnetic currents, the reflected field can be significantly reduced, leading to a strong transmittance. Wave steering has been realized at the frequency of 10 GHz [15] . Focusing of waves with circular polarization has been achieved by cascading several Huygens' metasurfaces [16] . In principle, an arbitrary waveplate can be implemented as a Huygens' surface [17] .
Electromagnetic tunability for different applications has been implemented with electro-optic crystal [18] , liquid crystal [19] , and ferroelectric materials [20] . However, fewer discussions have been given to the tunability of metasurfaces.
In this work, we propose an idea to implement a tunable metasurface for beam steering and focusing, using ferroelectric materials with tunable permittivity by voltage. This work is organized as follows: Theories and implementation concepts are briefly reviewed in Section 2, the design of periodical resonant units using ferroelectric block and copper wires is described in Section 3. Demonstrations of beam steering and beam focusing with this type of tunable metasurfaces are presented in Sections 4 and 5, respectively. Finally, some conclusions are drawn in Section 6.
THEORIES AND IMPLEMENTATION CONCEPTS
A metasurface for transforming an incident beam can be designed as follows. Firstly, analyze the transmission or reflection response of a periodical array, containing specific type of identical resonant units. Secondly, summarize the response of the above array over a range of parameters of the resonant unit. Thirdly, decompose an array into small regions, each containing a few identical resonant units. The parameters in each region are properly chosen to achieve the desired distribution of response over the whole array. The resonant units are required to have a sufficient range of phase response around their resonant frequencies.
Tunable Resonance
Plasmonic resonance in a metal-dielectric structure has been widely explored to implement resonant units with a wide range of phase change and a nearly constant amplitude [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . These resonant units are usually much smaller than the operational wavelength.
The plasmonic resonance is determined by the geometry and permittivity of the constituent materials, always involving a negative-permittivity material and a positive-permittivity one. The resonant condition on the interface between two half-space materials is 1 = − 2 [21] . The condition for a spherical nanoparticle is s = −2 e [21] , where s and e are the permittivity of the sphere and the ambient environment, respectively.
In [11] , a three-layered structure of periodic plasmonic-dielectric nanobricks has been designed for beam steering and focusing. The transmission coefficient with near-constant amplitude and a phase range of 2π can be achieved by varying the width ratio between the two materials within a resonant unit. Figure 1 . Configuration of a three-layered metasurface. Figure 1 shows the structure of a three-layered metasurface, satisfying the plasmonic resonant condition, p = − f , where p and f are the permittivity of the plasmonic material and the ferroelectric, respectively. The permittivity of the latter can be tuned by applying a bias voltage up to several hundreds even thousands of volts, at frequency up to 100 GHz [20] .
If a single layer of plasmonic/ferroelectric resonant units can not provide a sufficient phase change around the resonant frequency, more layers will be needed. A two-layered and a three-layered metasurfaces will be analyzed respectively. A proper spacing material (with permittivity t ) between layers is also used to support the structure of the metasurface.
Transmission Coefficient of Periodical Multilayered Metasurfaces
Firstly, we calculate the transmission coefficient of a periodical metasurface made of identical bricks. For the two-layered metasurface, the transmission coefficients are calculated as a function of ferroelectric permittivities in the first and the second layer, f 1 and f 2 , respectively. In the three-layered metasurface, the ferroelectric permittivities of the first and the third layers are set the same as f out , and that of the second layer is f in .
DESIGN OF PERIODICAL RESONANT UNITS

Permittivity of Ferroelectric Material
The permittivity of a ferroelectric material, at frequency up to 100 GHz, can be expressed as [20] 
with
where 00 is a constant; a f = 2 00 /αh, h is the thickness of the ferroelectric, and α is related to the lattice oscillation type; ξ B = E b /E N , E b is the biasing electric field, and E N is a normalization constant; ξ S is a parameter related to the dispersion effect; Θ F is the Debye temperature of the sublattice oscillation; T C is the Curie temperature; T is the temperature of the ferroelectric.
SrTiO 3 is a commonly used ferroelectric at microwave frequencies [20, 22, 23] . In this work, the parameters of SrTiO 3 are chosen to be T C = 42 K, Θ F = 175 K, ξ S = 0.018, 00 = 2081, E N = 19.3 kV/cm, α = 2 × 10 9 m −1 [20] . Its thickness is h = 2.8 µm, and the room temperature is T = 300 K. The imaginary part of the permittivity is neglected since the loss tangent of the SrTiO 3 is very small (∼10 −4 ).
Effective Permittivity of Periodical Metal Wires
The plasma frequency of a bulk metal falls in the optical band. A periodical metal-wire structure of simple cubic form can have its plasma frequency in the microwave band, and its permittivity can be modeled as [24] 
where a is the lattice constant of the simple cubic structure; r and σ are the radius and the conductivity, respectively, of the metal wires; and
is the plasma frequency. It is assumed that thin metal wires are widely spaced (ln(a/r) > 1) and a is much shorter than the operating wavelength [24] . Figure 3 shows the permittivity of the periodic copper-wire structure. The effective permittivity at 5.8 GHz is rp = −263.4 − j0.1421, which has the same order of magnitude as that of SrTiO 3 (240∼300).
Two-Dimensional Problems
Consider a special case in which the field components are independent of y, and a plane wave of TE polarization (Ē =ŷE y ) is normally incident from the −z direction. A two-dimensional frequencydomain finite-difference (2D-FDFD) technique is applied to calculate the transmission coefficient of the periodical multilayered metasurface, with various layer length ( ) and spacing (d) between layers. The total width of a resonant unit is chosen to be w = λ 0 /8 = 6.5 mm. Figure 4 shows the computational domain of the structure over one period in the x direction, where periodical boundary condition is imposed on the two dashed lines.
The thickness of SrTiO 3 in the y direction, as shown in Figure 2 , is chosen to be h = 2.8 µm. The permittivity curve in Figure 2 can be applied, with the range of biasing voltage below 100 V. An insulation material, TiO 2 , is inserted between two segments of SrTiO 3 in the y direction. The TiO 2 can withstand a 70 V potential difference over a separation of s = 0.4 µm [25] . The permittivity of TiO 2 in the microwave band is ins = 139.6 0 [20, 26] , hence the effect of permittivity discontinuity between ferroelectric and insulator can be neglected. Figure 5 shows the cross section, in the xy plane, of one resonant unit. The wavelengths inside the ferroelectric ( rf 250) and the TiO 2 are 3.29 mm and 4.4 mm, respectively; both are much larger than the separation (s = 0.4 µm). Hence, the effect of the insulator on the wave behavior in the y direction can be reasonably neglected in the simulation.
Determination of Layer Length
As shown in Figure 4 , perfect matching layers (PML's) are applied above and below the computational domain. The size of the computational domain is L x × L z = 6.5 × 100 mm 2 , which is divided into 50 × 400 Yee's cells, with the size of each Yee's cell being ∆x × ∆z = 0.13 × 0.25 mm 2 .
Next, we search for a proper layer length ( ) to acquire a wide range of phase variation and moderate amplitude variation when rf is varied. Figure 6 shows the amplitude and phase of the transmission coefficient of a single layer of bricks when and rf are varied. Four usable layer lengths are observed at = 2, 3.75, 5.5 and 7.25 mm, around which the phase variation is wide and the amplitude variation is moderate. In the subsequent simulations, we choose = 2 mm. As rf is varied from 240 to 300, the phase changes by about 180 • , but the amplitude is far from constant.
Determination of Spacing between Layers
The spacing (d) between layers strongly affects the transmission coefficient. Teflon (PTFE) is chosen as the spacer for its low loss and high breakdown voltage [20] , with permittivity of rt = 2.01 − j0.005 at 5.8 GHz [27] . 
Available Phase Range
The tunable metasurface is required to provide a phase range of more than 360 • , with nearly constant amplitude. 
METASURFACE FOR BEAM STEERING
By applying the Fermat's principle to analyze the optical path difference across the interface of two media with a phase discontinuity, the Snell's law and the reflection law can be generalized as [2] n t sin θ t − n i sin
where n i and n t are the refractive indices of the medium on the incident side and the transmitted side, respectively; θ i , θ r and θ t are the incident angle, the reflected angle and the transmitted angle, respectively; λ 0 is the wavelength in free space; Φ is the phase discontinuity across the interface due to the metasurface. Eq. (6) can be rewritten over a two-dimensional interface as
wherek is ,k rs andk ts are the wavenumber vectors of the incident wave, the reflected wave and the transmitted wave, respectively, projected onto the interface; ∇ s is the 2D gradient operator on the interface. By tuning the phase discontinuity on the surface, both the reflected wave and the transmitted wave can be steered toward other directions than those predicted by the conventional reflection law and Snell's law. Next, we will design a three-layered metasurface to steer a normally incident TE wave toward a specific direction. Consider the intended steering angles of θ t = 30 • and θ t = 14.47 • , corresponding to phase gradients of dΦ/dx = −π/λ 0 and dΦ/dx = −π/2λ 0 , respectively; and a linear phase variation of 2π can be acquired along the x direction over a distance of 2λ 0 and 4λ 0 , respectively.
The width of a single resonant unit is chosen to be λ 0 /8. To realize a linear phase change of 2π over 2λ 0 along the x direction, we group 16 resonant units into 8 pairs, with each pair comprised of Tables 1 and 2 , respectively. Figure 9 shows the distribution of E y , with a uniform plane wave incident from below the metasurface. The finite-difference time-domain (FDTD) technique is applied, with the periodic boundary condition imposed at x = ±2λ 0 . By Huygen's principle, the radiation from all the resonant units form a tilted wavefront moving towards the steering direction.
In order to keep the steered beam from divergence before reaching the target area, a larger aperture is required. Consider an aperture of length 60λ 0 along the x axis, with the same incident plane wave as shown in Figure 9 . The field distribution over this large aperture will be 15 repetitions of that in Figure 9 . The far field pattern can then be derived by taking the Fourier transform of the aperture field distribution along the line at z = 2λ 0 . Figure 10 shows the far field pattern derived by applying the near-to-far transformation to the near field distribution over the aperture [28] . The near field over the leftmost and rightmost 4λ 0 over the aperture are linearly tapered to reduce the side lobes of the far field pattern.
The 60λ 0 -wide aperture is a periodic structure, which explains the appearance of grating lobes in Figure 10 . The periods in the x direction of the metasurface used to generate the field patterns in Figures 10(a) and 10(b) are Λ = 2λ 0 and 4λ 0 , respectively. The relation between the incident angle and the transmitted angle of the mth Floquet mode is [29] 
where Λ is the period on the aperture. The gradient of phase discontinuity on the metasurfaces is dΦ/dx = −2π/Λ, hence (6) is reduced to
which corresponds to the first Floquet mode predicted with (8) .
In both cases shown in Figure 9 , θ i = 0 and n i = n t = 1. Since the phase distribution on the Huygen's surface is a periodic function of x with period Λ, multiple Floquet modes can be excited, and the transmitted angle of the mth Floquet mode can be derived as
In Figure 9 (a), Λ = 2λ 0 , implying θ 
is the intended steering angle. In both cases, the highest peak appears in the intended steering direction.
METASURFACE FOR BEAM FOCUSING
Metasurfaces have also been proposed to implement metalenses [7] [8] [9] [10] , with the phase distribution on the metasurface
where f is the focal length of the metalens.
To focus a two-dimensional beam, the phase distribution in (11) can be rephrased as
in degrees, where the last term is added to make Φ(0) = 0 for convenience. Figures 11(a) and 11(b) show the phase distribution along x direction on the metasurface required to achieve the focal length of f = 2λ 0 and f = 4λ 0 , respectively. The total width of the metasurface is chosen to be 8λ 0 , and the incident wave is modeled as a Gaussian plane wave:
with f 0 = 5.8 GHz and B = 3λ 0 . A total of 64 resonant units are used to realize the required phase distribution. By symmetry with respect to x, the permittivity of 33 resonant units are chosen. Tables 3  and 4 list the required permittivities for the cases of f = 2λ 0 and f = 4λ 0 , respectively. Figures 12(a) and 12(b) show the E y distributions with f = 2λ 0 and f = 4λ 0 , respectively. The metasurface is placed at z = λ 0 , and all the resonant units have the same size of = 2 mm and d = 5.5 mm. The incident wave is focused around 2λ 0 and 4λ 0 , respectively, behind the metasurface.
CONCLUSION
The method and theories of designing tunable metasurfaces, composed of plasmonic and dielectric bricks, have been presented and simulated. Each resonant unit, composed of a ferroelectric brick with tunable permittivity and a periodical copper-wire structure with negative permittivity, is analyzed and used as building blocks to construct metasurfaces for beam steering and beam focusing, respectively. The simulation results of beam steering toward two different angles and beam focusing with two different foci have also been demonstrated.
